To investigate the differences in the functional roles of peroxiredoxins (Prxs) and glutathione peroxidase (GPx) of Schizosaccharomyces pombe, we examined the peroxidase and molecular chaperone properties of the recombinant proteins. TPx (thioredoxin peroxidase) exhibited a capacity for peroxide reduction with the thioredoxin system. GPx also showed thioreoxin-dependent peroxidase activity rather than GPx activity. The peroxidase activity of BCP (bacterioferritin comigratory protein) was similar to that of TPx. However, peroxidase activity was not observed for PMP20 ( 
INTRODUCTION
Thiol/selenol peroxidases, named for an essential cysteine or selenocysteine residue, are ubiquitous proteins in living organisms and reduce peroxides in several subcellular compartments (1, 2). They have also been shown to play roles in the modulation of intracellular signaling cascades and regulation of cell proliferation (3). They can be divided into two groups, peroxiredoxins (Prxs) and glutathione peroxidases (GPxs). There are five known Prx genes in Saccharomyces cerevisiae (S. cerevisiae) (TSA1/YML026W, TSA2/YDR453C, PMP20/ YLR109W, 1-Cys/YBL064C, and BCP/YIL010W) (4). TSA 1 and 2 are dual function proteins that can act as both a peroxidase and a molecular chaperone. In oxidative conditions, TSA1 changes its oligomeric state, which causes the peroxidase-to-chaperone functional switch (5) . PMP20 and 1-Cys Prx reside in peroxisomes and mitochondria, respectively. TSA1, TSA2, PMP20, and BCP show peroxidase activity using reduced thioredoxin (Trx) as an electron donor (6) . GPx is the name for a family of multiple isozymes which are responsible for the detoxification of hydrogen peroxide and organic peroxides and requires glutathione as an electron donor. In mammals, there are two GPx isotypes, with either selenocysteine (SeGPx) or cysteine (NSeGPx) as an essential residue in the active site. In contrast, S. cerevisiae contains only NSeGPxs (7) . The budding yeast contains three NSeGPxs (GPx1/YKL026C, GPx2/YBR244W, and GPx3/YIR037W) that use reduced Trx rather than glutathione (8) .
In the fission yeast Schizosaccharomyces pombe (S. pombe), three isozymes of Prx (TPx/SPCC576.03c, PMP20/SPCC330.06c, and BCP/SPBC1773.02c) and one GPx (SPBC32F12.03c) have been identified. Recent reports on TPx have demonstrated that it is an essential H2O2 scavenger and an upstream activator of the transcription factor Pap1. These studies also reported that the TPx null mutant strain was not viable, but the PMP20 null mutant was viable and its sensitivity to H2O2 was not changed (9) . S. pombe GPx acted as a Trx-dependent peroxidase, especially in stationary phase, and it was crucial to the long-term survival of the fission yeast (10) . S. pombe has provided useful insights into responses to reactive oxygen species (ROS), and antioxidant enzymes are a crucial element of the cellular defense against oxidative stress. In this study, we purified the recombinant Prxs and GPx of S. pombe and characterized their activities as peroxidases and molecular chaperones.
RESULTS

Purification of recombinant Prxs and GPx of S. pombe
The purified Prxs and GPx were analyzed under reducing and non-reducing conditions by SDS-PAGE. As shown in Fig. 1A , TPx, PMP20, BCP, and GPx migrated as single bands corresponding to their MWs under reducing conditions (Fig. 1A) . In http://bmbreports.org BMB reports C to exponential phase in YE medium. Cell lysates (50 μg protein for silver staining, 5 μg protein for Western blotting) were analyzed by 2D-PAGE followed by silver staining or Western blot analysis using anti-TPx or anti-PMP20 antibodies (upper panel). To examine the effect of oxidative stress, exponential phase S. pombe cells were treated with 1 mM t-butyl hydroperoxide for 15 min. Cell lysates (50 μg protein) were subsequently analyzed by 2D-PAGE and silver staining (lower panel). S. pombe TPX and PMP20 were shown as black filled triangles (▼) and white filled triangles (▽), respectively. non-reducing conditions, BCP and GPx appeared as a monomer, whereas TPx and PMP20 were present at a position corresponding to a dimer (Fig. 1B) .
Antioxidant activity of S. pombe Prxs and GPx
ROS generated in a metal-catalyzed oxidation system (MCO system) can damage some proteins, but the damage can be prevented by enzymes that eliminate H2O2. We used this MCO system to test the activity of purified S. pombe proteins. Recombinant TPx, GPx, and BCP inhibited inactivation of glutamine synthetase (GS) by a MCO system containing DTT. The protection of GS by TPx, GPx, and BCP gradually increased in a dose-dependent manner, and the inactivation of the enzyme was completely prevented in the presence of 0.4 μM TPx, 0.4 μM GPx, or 1.5 μM BCP ( Fig. 2A) . PMP20 did not show any protective effect against the thiol MCO system. None of the enzymes inhibited a MCO system containing ascorbate (data not shown).
Trx-dependant peroxidase activity of S. pombe Prxs and GPx
TPx, BCP, and GPx of S. pombe showed hydrogen peroxide removal activity when coupled with a thioredoxin system comprised of NADPH, Trx, and thioredoxin reductase (Fig.  2B ). TPx and BCP showed similar levels of peroxidase activity, 4.8 μmol/min/mg protein, approximately 1.5-fold higher than that of GPx. Trx-dependent peroxidase activity was not observed for PMP20. Organic peroxides such as cumene hydroperoxide and tert-butyl hydroperoxide were also active substrates for TPx, BCP, and GPx. None of the fission yeast Prxs and GPx showed GSH-dependent peroxidase activity (data not shown).
Inactivation of S. pombe Prxs and GPx in oxidative stress
Prxs are well known to eliminate peroxides through the thiol/sulfenic acid redox cycle (11) . During the catalytic cycles, sulfenic acid (Cys-SOH), peroxidatic cysteine residues in mammalian or S. cerevisiae Prxs, can be further oxidized by H2O2 to sulfinic acid (Cys-SO2H), which changes the protein's spot migration on 2D-PAGE gels (12, 13) . Similarly, when the fission yeast was treated with 1 mM tert-butyl hydroperoxide, TPx migration was shifted to acidic pH on the 2D gel (Fig. 2C ). PMP20 migration, however, was not changed under the same oxidative stress (Fig. 2C ).
Oligomeric states and thermal stability of S. pombe Prxs and GPx
The oligomerization of several 2-Cys Prxs depends on their redox state and affects the proteins' physiological functions (5, 14) . TPx and GPx of S. pombe showed a single symmetrical elution profile from size exclusion chromatography (Fig. 3A) . TPx appeared mainly as a higher oligomeric structure corresponding to a decamer, and GPx eluted as a monomer of 18 kDa. The elution profile of BCP demonstrated the existence of both monomeric and dimeric forms. In contrast, PMP20 eluted in a wide range of molecular sizes from about 17 kDa to 170 http://bmbreports.org 
Molecular chaperone activity of S. pombe Prxs and GPx
A previous study on yeast TSA showed that some isotypes of Prx are bifunctional proteins that exhibit both peroxidase and chaperone activities (5) . Prxs and GPx of S. pombe were examined for their ability to prevent the thermal aggregation of S. pombe citrate synthase at 43 o C. As shown in Fig. 4 , thermal aggregation of citrate synthase was inhibited by TPx, PMP20, or GPx in a concentration dependent manner. TPx prevented thermal aggregation by about 80% under a molar ratio of 16：1 TPx to citrate synthase (Fig. 4A) . PMP20 suppressed aggregation of citrate synthase by about 30% under the same molar ratio (Fig. 4B) . However, for GPx, the anti-aggregation effect was observed only in the first 10 minutes, and BCP did not prevent the aggregation of citrate synthase up to a molar ratio of 16：1 (Fig. 4C) . Previous studies showed that oxidative stress and heat shock exposure in budding yeast caused a large increase in TSA1 chaperone activity (5) . The effect of heat treatment on the molecular chaperone properties of the fission yeast Prxs and GPx was investigated by incubation of the proteins at 50 o C for 30 min. Chaperone activity of TPx declined approximately 50% after heat exposure, and PMP20
and GPx entirely lost their protective activities (Fig. 4D) .
DISCUSSION
Fission yeast S. pombe contains three Prxs (TPx, PMP20, and BCP) and one GPx. In spite of their important roles, relatively few comparative studies on the peroxidase and molecular chaperone properties of these four antioxidant enzymes have been reported. To investigate the differences in the functional roles of Prxs and GPx in the fission yeast, their peroxidase activity and molecular chaperone functions as purified recombinant proteins were examined. S. pombe TPx was able to protect GS against a thiol-containing MCO system and showed peroxidase activity in the presence of the Trx system ( Fig. 2A, 2B ). In addition, peroxide treatment of S. pombe caused an acidic shift of TPx protein spot migration on a 2D gel (Fig. 2C) . These results indicate that the fission yeast TPx is a typical thioredoxin peroxidase that catalyzes the reduction of hydrogen peroxide and organic peroxides using reduced Trx as a physiological electron donor. TPx appeared only in dimeric form on non-reducing SDS-PAGE gels (Fig. 1B) . Previous studies reported that most typical 2-Cys Prxs form an intermolecular disulfide bond between the peroxidatic and resolving cysteines during the catalytic cycle (15) . S. pombe TPx belongs to the Prx_Typ2Cys group, which contains two essential cysteine residues, Cys-48 and Cys-169, that are thought to form such an interchain disulfide bond (13) . http://bmbreports.org BMB reports
Trx-dependent peroxidase activity of S. pombe TPx was about 4.8 μmol/min/mg protein, similar to the activity of TSA1 from S. cerevisiae. S. pombe TPx could provide up to 80% protection against thermal aggregation of citrate synthase when present at a molar ratio of 16：1 Prx to citrate synthase (Fig.  4A) . The chaperone activity of the fission yeast TPx was 16-fold lower than that of S. cerevisiae TPx. Further, the oligomer state and chaperone activity of pombe Tpx was unchanged by heat treatment. This is distinctly unlike budding yeast TSA1, which exhibits a structural change from a low oligomeric form to high oligomeric states during heat-shock, accompanied with a significant increase in chaperone activity (5). For S. pombe PMP20, an atypical 2-Cys Prx, we observed neither GS protection against a thiol MCO system nor Trx-dependent peroxidase activity ( Fig. 2A, 2B ). Moreover, PMP20 was not inactivated by oxidative stress in vivo (Fig. 2C) . Members of the atypical 2-Cys Prx group, such as S. cerevisiae PMP20 and human Prx 5, have a conserved peroxidatic cysteine residue and a less conserved resolving cysteine residue and show Trx-dependent peroxidase activity (16, 17) . PMP20 from the fission yeast, however, has only one cysteine residue (Cys-43), which corresponds to the conserved peroxidatic cysteine residue. Thus, like the 1-Cys Prxs (S. cerevisiae) and Prx 6 (human), PMP20 does not showed Trx-dependent peroxidase activity. However, unlike pombe PMP20, 1-Cys Prxs are able to protect GS against ROS damage in the thiol-containing MCO system. These results suggest that S. pombe PMP20 has a function other than being a peroxidase. PMP20 was observed as a dimer under non-reducing conditions (Fig. 1B) . This indicates that the Cys-43 residue of one subunit in the dimer formed a disulfide bond with the Cys-43 in the other subunit, a link that has not previously been reported. It is not yet clear whether this disulfide bond is a physiological form or an in vitro artifact. Additionally, S. pombe PMP20 is a heat-stable protein and shows weak chaperone activity, as measured by its ability to inhibit thermal aggregation of citrate synthase (Fig. 4B) . It seems that, unlike budding yeast PMP20, S. pombe PMP20 acts as a chaperone rather than a peroxidase. Further studies will be required to determine whether the fission yeast PMP20 functions as a molecular chaperone in vivo. The Fission yeast BCP displayed GS protection and Trx-dependent peroxidase activities similar to that of TPx ( Fig. 2A,  2B ). It has previously been reported that BCP is a protector against oxidative stress in the fission yeast (18) . Purified recombinant BCP from S. pombe exists as a monomer under non-reducing conditions (Fig. 1B) . This result suggests that a disulfide forms within a single BCP polypeptide. The fission yeast BCP did not show chaperone activity. S. pombe GPx protected an enzyme against a DTT-containing MCO system and could also eliminate hydrogen peroxide using reduced Trx (Fig. 2A, 2B ). This confirms previous reports that GPx supports peroxidase activity via the Trx system in the fission yeast. S. pombe GPx showed a slightly lower Trx-dependent peroxidase activity than TPx. The fission yeast GPx also possesses molecular chaperone activity.
In conclusion, fission yeast TPx, BCP, and GPx are functionally homologous to their Prx counterparts in budding yeast, whereas PMP20 reveals somewhat different characteristics. Like the budding yeast TSA1, S. pombe TPx is an effective peroxidase and molecular chaperone. GPx is functionally a thioredoxin peroxidase and exhibits weak chaperone activity. S. pombe BCP is an effective peroxidase. PMP20 may act as a chaperone rather than peroxidase in the fission yeast.
MATERIALS AND METHODS
Plasmid construction and bacterial expression
The three Prx and single GPx open reading frames (ORFs) were amplified by PCR using S. pombe cDNA as a template. Primers for the cloning of the Prx and GPx genes contained an NdeI site in the forward primer and a BamHI or EcoRI site in the reverse primer (TPx Forward, 5'-AAA CAT ATG AGT TTG CAA ATC GGT AAA -3'; TPx Reverse, 5'-AAA GGA TCC CTA GTG CTT GGA AAA GTA -3'; PMP20 Forward, 5'-AAA CAT ATG GTT GCT GCT GGA TCT ACT TTG -3'; PMP20 Reverse, 5'-AAA GGA TCC TTA AAG AGA GCT AAG GAC CTT -3'; BCP Forward, 5'-AAA CAT ATG GAC GCC CCC AGA AGA TCT AG -3'; BCP Reverse, 5'-AAA GAA TTC CTA AGG TTC AGA ATC AGT TA -3'; GPx Forward, 5'-AAA CAT ATG TCT CAT TTC TA -3'; GPx Reverse, 5'-AAA GAA TTC AAA GGA CAC TC -3'). The PCR reaction mixture contained 100 ng of S. pombe cDNA, 20 pmole of both forward and reverse primers, and 5X Taq-PCR Mix (Genotech Ltd). The PCR products were expressed using the pET17b system (Novagen) in E. coli BL21 (DE3) pLysS, with induction by 0.4 mM IPTG. The cells were harvested by centrifugation and stored at −20ºC until used.
Protein purification
The harvested bacterial cells were suspended in 20 mM Tris-HCl buffer, pH 7.6, containing 0.2 mM phenylmethanesulphonylfluoride and disrupted by ultrasonic oscillation using a Branson Sonifier 250 (Branson, USA). The clear supernatant obtained by centrifugation was loaded onto a conventional DEAE-Sephacel anion exchange column (2×20 cm) pre-equilibrated with 20 mM Tris-HCl buffer, pH 7.6. Proteins were eluted with a liner NaCl gradient (0-0.5 M) in 20 mM Tris-HCl buffer, pH 7.6. DEAE-Sephacel fractions containing recombinant TPx or PMP20 proteins were pooled and precipitated with ammonium sulfate (70% saturation). The resulting precipitates were redissolved in 20 mM HEPES-NaOH, pH 7.0 containing 1 M ammonium sulfate, and the supernatant was loaded onto a TSK Phenyl 5PW HPLC column (TOSOH BIOSEP, Japan) pre-equilibrated in the same buffer. The proteins were eluted from the column with a 1.0-0 M inverse gradient of ammonium sulfate at a flow rate of 1 ml/min. Fractions containing the single recombinant protein, as identified by SDS-PAGE analysis, were dialyzed against 20 mM http://bmbreports.org Hepes-NaOH, pH 7.0.
Antioxidant assay
The antioxidant properties of recombinant Prxs and GPx proteins were measured by their ability to prevent metal-catalyzed oxidative inactivation of GS as previously described (19) . 5 μg of GS was incubated in the MCO system composed of 10 mM DTT or ascorbate, 3 μM FeCl3, and 50 mM HEPES buffer, pH 7.0. Incubation at 30 o C for 10 min was followed by the addition of 1 ml of γ-glutamyltransferase assay mixture containing 0.4 mM ADP, 150 mM glutamine, 20 mM KH2ASO4, 40 mM NH2OH, 0.4 mM MnCl2, and 50 mM HEPES, pH 7.0 and further incubation at 30 o C for 4 min. The reaction was terminated by the addition of 1 ml of stop mixture, composed of 55 g of FeCl3ㆍ6H2O, 20 g of trichloroacetic acid and 21 ml of concentrated HCl in 1,000 ml. The absorbance of an iron hydroxamate complex was measured at 540 nm.
Trx-dependent peroxidase activity assay
Thioredoxin peroxidase activity was measured by monitoring the change in absorbance at 340 nm. The reaction mixture contained 0.2 mM NADPH, 1 μM Prxs or GPx, 6 μM Trx, 0.3 μM thioredoxin reductase, and 1 mM H2O2 in 20 mM HEPESNaOH, pH 7.0, in a final volume of 0.5 ml. The reaction mixture was preincubated for 5 min at 30 o C and started by addition of hydrogen peroxide. NADPH consumption was monitored by the decrease in absorbance at 340 nm for 1 min at 30 o C using a two-beam Hitachi U2800 UV-Vis Spectrometer.
Thermal stability of recombinant proteins
The purified recombinant protein solution (0.5 mg/ml) was incubated at various temperatures for 30 min and centrifuged at 16,000 × g for 30 min. The amount of remaining protein in the supernatant was measured by Bradford assay.
Size exclusion chromatography
Size exclusion chromatography was performed by HPLC using a Bio-Sil SEC-250 column. The purified recombinant protein in 0.2 ml of 50 mM sodium phosphate buffer, pH 7.2 containing 150 mM NaCl was loaded onto the column at a flow rate of 0.5 ml/min with the same buffer. The column was calibrated with a series of gel filtration standards (Bio-Rad, USA) including thyroglobin (670 kDa), bovine γ-globulin (158 kDa), chicken ovalbumin (44 kDa), equine myoglobin (17 kDa), and vitamin B12 (1.35 kDa).
Chaperone activity assay
Chaperone activity of the Prxs and GPx was measured by monitoring thermal aggregation of S. pombe citrate synthase (20) . Thermal aggregation of citrate synthase was carried out by incubation at 43 o C in 50 mM HEPES-NaOH, pH 7.0, and light scattering was measured at 360 nm for 20 min.
Yeast strain and culture
S. pombe SP286 (h＋/h＋, ade6-M210/ade-M216, ura4-D18/ ura4-D18, leu1-32/leu1-32) was used in this study (Bioneer, Korea). Yeast cells were grown in YE medium (0.5% yeast extract, 3% glucose) with additional required supplements at 
Two-Dimensional SDS-Polyacrylamide Gel Electrophsoresis
Yeast cells were suspended in 10% trichloroacetic acid solution and disrupted with 0.5 mm diameter glass beads using a mini-bead beater (Biospec products, USA). The cell lysate pellet was washed 3 times in cold acetone and dissolved in lysis buffer. The protein sample was mixed with rehydration buffer (8 M Urea, 2% CHAPS, 0.5% immobilized pH gradient buffer, 20 mM DTT, and 0.005% bromophenol blue) and applied onto IPG strips (pH 4-7, 13 cm, Amersham Biosciences). Isoelectric focusing (IEF) was performed at 20 o C using IPGphore. The focused IPG strip was subjected to reduction and alkylation, and then the proteins were separated by 12.5% SDS-PAGE.
